The evanescent field surrounding nano-scale optical waveguides offers an efficient interface between light and mesoscopic ensembles of neutral atoms. However, the thermal motion of trapped atoms, combined with the strong radial gradients of the guided light, leads to a time-modulated coupling between atoms and the light mode, thus giving rise to additional noise and motional dephasing of collective states. Here, we present a dipole force free scheme for coupling of the radial motional states, utilizing the strong intensity gradient of the guided mode and demonstrate all-optical coupling of the cesium hyperfine ground states and motional sideband transitions. We utilize this to prolong the trap lifetime of an atomic ensemble by Raman sideband cooling of the radial motion, which has not been demonstrated in nano-optical structures previously. Our work points towards full and independent control of internal and external atomic degrees of freedom using guided light modes only.
Light guided by nanooptical waveguide-and resonator structures propagates partly as an evanescent wave; its tight sub-wavelength confinement allows for strong interactions between guided light and single atoms [1] [2] [3] [4] or atomic ensembles [5] [6] [7] [8] [9] [10] [11] trapped within the confined field.
The inherent intensity gradients of evanescent modes are a necessity for the realization of dipole traps close to the surface of the structure. However, if the atoms are probed or manipulated also by evanescent modes, the gradients lead to detrimental effects, such as timedependent coupling for moving atoms, additional quantum partition noise in probing atomic ensembles and motional dephasing of collective internal quantum states. As strong gradients imply strong dipole forces for any Stark shift induced by guided light, a scheme for optical manipulation of the internal degrees of freedom without perturbation of the motional state is desirable.
Additionally, any non-zero temperature above the motional quantum ground state potentially decreases the average interaction of atoms with the guided light mode, reducing the single atom optical depth (OD).
Previous results for addressing these challenges in the nanofiber platform [12] include microwave cooling of the azimuthal degree of freedom [13] by exploiting the statedependency of the trapping potentials for different Zeeman sub-states, as well as polarization gradient cooling [6] .
In this paper, we present a Raman coupling scheme that allows us to drive coherent transfers on the hyperfine transition in cesium (Cs) as well as radial motional sideband transitions, while canceling all quadratic ac-Stark shifts and thus dipole forces. Driving Raman transitions * Corresponding Authors: jappel@nbi.dk; muller@nbi.dk with a single beam propagating through the waveguide, we implement a cooling protocol that relies on the gradient of the coupling strength rather than its phase [14] .
A key ingredient in our experimental implementation is the Stark shift canceling Raman coupling scheme presented in Fig. 1a : We couple the hyperfine ground states |F = 3 and |F = 4 via two simultaneous two-photon Raman processes. This is achieved by phase modulation (PM) of a single optical field with a modulation frequency ω sb = ∆ hfs + δ, close to the hyperfine ground state splitarXiv:1708.03488v1 [physics.atom-ph] 11 Aug 2017 ting ∆ hfs . The carrier field is detuned ∆ ∼ ∆ hfs /2 above the transition from |6 2 S 1/2 , F = 4 to the |6 2 P 3/2 , F manifold. By choice of the absolute frequencies and powers of the fields, we cancel the quadratic ac-Stark shifts.
To present the basic idea, we assume an initial field E(t) = E 0 e iωt subject to pure PM and neglect sidebands of order two and higher
where A denotes the ratio of sideband-to-carrier power A = (J 1 (z)/J 0 (z)) 2 , z is the phase modulation index, ω sb is the modulation frequency, and J n is the n th Bessel function of the first kind.
Neglecting hyperfine splitting of the upper state manifold, which is much smaller than the single photon detuning ∆, one obtains simultaneous cancellation of the quadratic ac-Stark shifts for both lower levels with A = 1.5 and ∆ = ∆ hfs /2. A more complete numerical analysis of the parameter landscape including higher order PM-sidebands and the excited state hyperfine splitting confirms that ∆ predominantly determines the common mode light shift, while A controls the differential light shift.
As the two (dominating) Raman couplings will add coherently, their phase must be taken into account. Specifically, the transition through the lower virtual level will acquire a minus-sign with respect to the upper transition from the fact that the single-photon detuning is opposite. Constructive interference of the Raman coupling amplitudes is ensured by the π-phase shift of the lower sideband relative to the carrier and upper sideband inherent to PM -see (1) .
The experimental setup is explained in detail elsewhere [7] , the salient features are summarized as follows. A standard step-index fiber (Thorlabs 780HP) is tapered down to sub-wavelength diameter (d = 470 nm), so that light propagating in the nanofiber is guided partly as an evanescent wave. We create a dipole trap consisting of two quasi-linearly co-polarized counter-propagating red-detuned beams (λ = 1056 nm, P = 2 × 1.6 mW) and one blue-detuned running wave field (λ = 780 nm, P = 8.5 mW) in the orthogonal quasi-linear polarization [5] . The resulting trap potential, evaluated at the axial minimum, is shown in Fig. 1c . Axially, two strings of potential wells are located on opposite sides of the fiber, allowing us to trap ∼ 2000 atoms. Atoms are loaded into the trap by a standard 6-beam magneto-optical trap (MOT) setup, followed by sub-Doppler cooling [5, 7] .
We detect atoms in |F = 4 using a dipole-force free dual-color heterodyne dispersive measurement scheme previously described in [7] . Atoms in |F = 3 can be detected by transfer into the |F = 4 -manifold and subsequent measurement there. We thus detect the optical phase shift induced by atoms in each state onto our probe light and express the data in radians. The Raman light is supplied from a standard extended cavity diode laser, beatnote-locked to our MOT repump laser [15] . This leads to a flexible choice of carrier detuning, typically 4.5 GHz above the center of the transition from |F = 4 to the |F = 2 . . . 5 manifold.
The laser is modulated with by a EOSpace PM-0K5-10-PFA-PFA-850 fiber-coupled electro-optical modulator (EOM), driven by a RF signal derived from a AD9910 DDS, which is mixed with a stable 9 GHz frequency [16] . We measure the RF power at the EOM, which is proportional to the squared modulation index z 2 . The Raman light is coupled as a single (copropagating) beam into the fiber and is polarized parallel to the red trap light.
To set the phase modulation amplitude, we measure the differential shift caused by the Raman laser in a Ramsey experiment in the following way, see Fig. 2 : Starting with all atoms in |F = 3, m F = 0 , the atoms are prepared in an equal superposition (|F = 3, m F = 0 + |F = 4, m F = 0 ) / √ 2 by a microwave π/2-pulse. We then apply a 20 µs pulse of 4.3 nW Raman light, where the PM phase is flipped by 180
• every 4 ns to avoid population transfer. A second microwave π/2-pulse with phase ϕ completes the Ramsey sequence, and the population in |F = 4, m F = 0 is measured. Any differential light shift induced by the Raman light results in a shifted Ramsey fringe. By adjusting the sideband power ratios, we thus obtain cancellation of the differential shift.
We verify that for the correct single photon detuning the Raman light imposes no common mode ac-Stark shift, as we detect no modulation of our probe signal for a Raman beam with approximately 1 order of magnitude more power than used for normal coherent operations [17] .
Coupling of motional states normally requires transfer of photon momentum along the important direction, or alternatively state-dependent potentials. For co- propagating Raman beams like in our setup, the momentum transfer is only proportional to the wave-number difference, and in our case it vanishes along the radial direction. Instead, our scheme relies on the fast radial decay of the guided Raman light, see Fig. 1b , for coupling the radial motional states |n :
where I(r) is the intensity at positionr, is the radial decay length of the intensity, Ω 0 is the Raman Rabi frequency for an atom located at the trap minimumr = 0, andr is the position-operator in the radial direction [18] . In analogy to the phase gradient of a plane wave exp(ikr), the radial decay acts effectively as "imaginary momentum". The coupling scales with the ratio of the motional wavefunction size r to . This quantity plays the role of the Lamb-Dicke parameter [19] , and inserting for r the ground state wave packet size we obtain r/ ≈ 1/5. To investigate the Raman transfer efficiency, we prepare atoms in the state |F = 3, m F = 0 , and transfer them into |F = 4, m F = 0 using a resonant two-photon Raman pulse. In Fig. 3 we show the transfer spectrum with and without a 3 G magnetic bias field, aligned parallel to the polarization of the blue-detuned trap field.
In Fig. 3a we observe for δ ≡ ω sb − ∆ hfs ∼ 0 Hz a motional carrier transition, i.e. a transition that changes only the internal state of the atom. For δ ∼ ±(60 kHz − 125 kHz) we clearly resolve the motional sidebands, demonstrating that we can couple the motional states coherently. The sideband splitting is consistent with the calculated frequency of the radial motion, and the width of the sidebands stems from the spread of vibrational frequencies, due to the anharmonic shape of the trap, see Fig. 1c .
In Fig. 3b we plot a typical transfer spectrum without the usual magnetic bias field. By removal of this field, the different Zeeman states become degenerate, which we will utilize for obtaining a simple repump scheme for cooling -see below. Further, we observe a significant broadening of the transfer spectrum without the magnetic bias field. The line is broadened from essentially interaction-time limited width, to ∼ 1 MHz FWHM. At least part of this broadening can be attributed to spatially varying vector light shifts from the blue-detuned trap light [20, 21] . We note that the same broadening is also observed in microwave transfer spectra under the same conditions. The ability to couple motional states opens the possibility to apply Raman cooling of our ensemble, ultimately to the motional ground state. Raman cooling to the ground state has been demonstrated in nanoscale optical tweezer traps [22, 23] . In nanofiber traps, a significantly increased background heating rate, as compared to free space optical traps, is observed. This competes with the Raman cooling process, and various mechanisms to explain this effect have been put forward [5, 21, 24] . Without cooling the atomic population is heated from the trap, leading to a measured trap lifetime of 21 ms, see Fig. 4a . Similar values have been reported for other nanofiber traps [4] [5] [6] 8] .
We implement a Raman cooling scheme as follows: Our atoms are prepared in the |F = 4 level, without a magnetic bias field. A 40 µs Raman pulse transfers a fraction of the atoms to |F = 3 , with a concomitant decrease (increase) of the motional quantum number for positive (negative) two-photon detuning of the cooling light δ cool . After the Raman transfer, we turn on the MOT repump laser resonant to the |F = 3 → |F = 4 transition for 60 µs, which pumps atoms back into |F = 4 after on average 1.7 scattering events, significantly lower than the number of scattering events needed for preparation of a pure Zeeman state in the presence of a bias field. With 200 repetitions, the total cooling sequence lasts 26 ms, somewhat longer than the 1/e-lifetime of the atoms in the trap. For cooling, the optical power of the Raman beam and pulse duration were optimized for maximum transfer efficiency on the sideband transition |F = 3 ⊗ |n → |F = 4 ⊗ |n + 1 in the presence of a magnetic bias field of 3 G.
To assess the effect of cooling, we turn on the probe and MOT repumper, and measure the remaining atoms, as shown in Fig. 4b as a function of δ cool . For δ cool 0 kHz we observe a clear reduction of the atomic signal, whereas for 100 kHz δ cool 1 MHz the signal increases by up to a factor of 3.1, compared to the case of no cooling.
To further analyze the cooling performance, we perform the same cooling sequence, after which we ramp up the bias field to 3 G and prepare the atoms in |F = 3, m F = 0 by optical pumping and microwave transfers [25] . We then record sideband-resolved Raman spectra with an optical Raman laser power similar to the one used in Fig. 3a . Example spectra for three different values of δ cool are displayed in Fig. 5 . The spectra show that we cannot reliably detect a pronounced decrease in the radial temperature of the atoms, heralded by a clear asymmetry between the upper and lower motional sidebands. In the inset we show the integrated sideband ratios (including 1σ statistical error bars). We observe a slight indication of an increase in the ratio for δ ∼ 400 kHz, but the average motional quantum number remains significantly aboven = 1.
Several effects are prone to reduce the efficiency of the cooling scheme. Working with a broadened Raman line at zero bias field hinders the selective excitation of motional sidebands. Secondly, while the preparation of atoms into a specific state in the |F = 3 -manifold (e.g. |F = 3, m F = 0 ) is necessary for the resolved sidebands spectroscopy of the cooled ensemble, it comes at the price of extra scattering events and extra time spent in the trap after the cooling sequence, increasing the temperature. We anticipate that in an improved setup a cooling protocol on a stretched level, e.g. |F = 3, m F = 3 → |F = 4, m F = 4 in the presence of a bias field can be implemented. This scheme still allows for a simple and efficient repump method, while motional sidebands are fully resolved.
We have presented a Raman coupling scheme for optical manipulation of Cs atoms, that further cancels all quadratic ac-Stark shifts. We have demonstrated coherent transfers using this scheme, as well as the cancellation of the Stark shifts.
By utilizing the radial decay of the Raman laser light we have shown that we can effectively couple the radial motional states by optical manipulation. We have further demonstrated first steps towards experimental implementation of cooling of the radial degree of freedom. We show that we can extend the lifetime of atoms in the trap by application of 200 pulses of Raman cooling.
In summary, we have detailed an experimentally feasible way for obtaining optical manipulation of neutral atoms around nanofibers using exclusively guided light modes. Optical manipulation of atoms trapped in nanoscale optical systems offers exciting new possibilities such as position-dependent manipulation and adiabatic pulses on timescales faster than the motional frequencies.
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